In time-series studies on the effect of particulate matter (PM) air pollution on an adverse health outcome, PM time-series data are often available from multiple monitoring stations. Published studies have combined the data from the multiple monitors using a simple or trimmed average. We investigate an alternative method of combining the data available from multiple PM-monitoring sites. This method uses time-series data to assign each PM monitor a weight. The weights are then used to combine the data from the multiple PM monitors into a single air pollution time series. The resulting model will identify important monitors for describing the relationship between PM and the adverse health outcome of interest. Subsequent investigations of why certain monitors are more informative than others may provide valuable information concerning the location of vulnerable subpopulations or locations where the meteorological and/or land-use conditions are better for assessing population exposure to PM. The new model is illustrated by applying it to actual data from Cook County, IL, USA and through a simulation study. Using the new model, for the Cook County data, it was found that two of the six monitors provided essentially as much information about the effect of PM on mortality as all six monitors combined. The simulation study suggests that the weights assigned to each monitor by the new model are appropriate, that is, that the model assigns the largest weight to the monitor most highly correlated with the underlying PM time series used to generate mortality
Introduction
Numerous time-series studies have investigated the association between an adverse health outcome and some measure of daily ambient particulate matter (PM) air pollution (Ito et al., 1995; Styer et al., 1995; Kelsall et al., 1997; Ostro et al., 1999; Chock et al., 2000; Cifuentes et al., 2000; Klemm et al., 2000; Moolgavkar, 2000; Smith et al., 2000a, b; Kwon et al., 2001; Roemer and van Wijnen, 2001; Stieb et al., 2002; Goldberg et al., 2003) . These studies typically fit a Poisson log-linear model to concurrent time series of daily mortality, PM, and meteorological covariates. The results of the fitted models are then used to quantify the effect of PM on the adverse health outcome of interest.
Community time-series studies are often carried out in locations that have multiple PM-monitoring stations. In such situations, these studies typically combine the PM time series from the multiple monitors into a single PM time series using a simple or trimmed average. In this paper, we investigate an alternative method of combining the data available from the multiple PM-monitoring stations. As discussed further below, this method, although similar, offers an improvement over a previously proposed method for combining the data available from multiple PM monitors (Roberts, 2003) . This method uses time-series data to assign each PM monitor a weight. The weights are then used to combine the data from the multiple PM monitors into a single PM time series. The weighted combination of monitors produced by this method allows the identification of monitors that are relevant for describing the relationship between PM and the adverse health outcome of interest. Subsequent investigation of why certain monitors are more informative than others may provide valuable insight into the location of vulnerable subpopulations and/or locations where the meteorological and/or land-use conditions are better for assessing population exposure to PM. Investigations of this type would be particularly useful for studies that have investigated whether socioeconomic factors modify the relationship between air pollution and mortality (Jerrett et al., 2004; O'Neill et al., 2004) . For example, monitors identified as important by the weighted combination could be investigated to see whether the areas in which they are located have different socioeconomic or demographic characteristics from the areas where the other lower-weighted monitors are located.
Data
The data used in this paper consist of time-series data of mortality, weather, and PM air pollution for Cook County, IL, USA for the period 1987-1994, inclusive. These are the same data used in a previous study (Roberts, 2003) as well as in many other published studies. The mortality time-series data, aggregated at the level of county, are non-accidental daily deaths of individuals aged 65 years and above. Deaths of nonresidents were excluded from the mortality counts. The weather time-series data are 24 h averages of temperature and dew point temperature, computed from hourly observations. The measure of PM used was the ambient 24 h concentration of PM of less than 10 mm in diameter, measured in units of mg/m 3 . For the full period 1987-1994, there were six PMmonitoring stations in operation in Cook County. Of these six monitors, four yielded PM readings taken on the same every-6-day collection schedule. The remaining two monitors yielded daily PM readings. For the purposes of this paper, we extracted the relevant every-6-day readings from the two daily recording monitors. This leaves us with six monitors yielding PM readings taken on the same every-six-day collection schedule. The situation of having multiple PM monitors with data available only once every 6 days is the most commonly faced situation in the United States for PM data. Table 1 contains a summary of the data available from each of the six monitors. For each monitor, missing values were imputed using linear regression with the other monitors as the predictors. For the Cook County data, the percentage of missing data was small, and so the choice of imputation procedure is unlikely to be of consequence. The data from each monitor were then standardised to have a variance of one. Information on the geographic location of the six monitors can be found in Roberts (2003) .
Methods
In many community time-series studies on the effect of PM on an adverse health outcome, an additive Poisson log-linear model is fit to the time series of observed adverse health outcome counts. Under this model, the daily adverse health outcome counts are modelled as independent Poisson random variables with a time varying mean m t on day t given by
where confounders t represents other time-varying variables that are related to the adverse health outcome. PM t is the time series containing the PM exposure measure and b is the effect of this PM exposure measure on the adverse health outcome. When there are multiple PM monitors, the data from these monitors are typically combined into a single PM time series. For example, Samet et al. (2000) use a trimmed average of the available PM data to represent the area-wide PM for that day, while Smith et al. (2000a) use a simple average. The resulting single PM time series is then used in model (1). Hereafter, model (1) will be referred to as the ''standard model''. Throughout this paper, confounders t will take the following form: where the subscript t refers to the day of the study. The quantities S ti () are smooth functions of time, temperature, and dew point temperature with the indicated degrees of freedom. The smooth functions are represented using natural cubic splines. The quantity temp 0 is the current day's mean 24 h temperature and temp 1-3 is the average of the previous 3 days' 24 h mean temperatures. The values dew 0 and dew 1-3 are similarly defined for the 24 h mean dew point temperature, and DOW t is a set of indicator variables for the day of the week.
In an air pollution time-series study with k PM monitors, model (1) may be extended
where PM it , i ¼ 1, y, k, is the PM time series from monitor i and w i , i ¼ 1, y, k, is the weight assigned to monitor i in the monitor combination associated with the adverse health outcome. The weights are constrained to be non-negative and sum to one. This ensures that w 1 PM 1t þ w 2 PM 2t þ ? þ w k PM kt can be readily interpreted. The parameter y is the effect of the monitor combination (w 1 PM 1t þ w 2 PM 2t þ ? þ w k PM kt ) on the adverse health outcome. The terms cofounders t are as defined in model (1). Model (2) will be referred to as the ''weighted model''. In the earlier paper by Roberts (2003) , weights for each monitor were formed by replacing y(
and constraining the b i to be nonnegative. Under this model, the effect of PM on the adverse health outcome was given by P k i¼1 b i and the weight assigned to monitor i given by
The approach taken in this paper is more direct and avoids the need for non-negativity constraints on the effect of PM on the adverse health outcome, something that may not be agreeable to all researchers.
The weighted model is fit by expressing the
for a collection l 1 , y, l kÀ1 . Maximum likelihood estimation is then used to estimate the l 1 and hence the w i . Expressing the w i in this form allows the coefficients in model (2) to be estimated using unconstrained rather than constrained optimisation software. The maximum likelihood estimates of (y, w 1 , y, w k ) are obtained iteratively in two repeated steps. The first step fixes the parameters corresponding to the air pollution terms (y, w 1 , y, w k ) at their current values and estimates the parameters corresponding to the confounders. The second step fixes the parameters corresponding to the confounders at their current values and estimates the parameters corresponding to the air pollution terms. The two steps are iterated until convergence to obtain the final parameter estimates. The results in this paper were obtained using the statistical package S-PLUS. The method and rationale for fitting the weighted model is identical to the method and rationale used in a previous paper that investigated the mixture of air pollutants associated with adverse health outcomes (Roberts and Martin, 2006) . The only difference being that in this paper, we are forming a weighted combination of PM monitors, while in Roberts and Martin (2006) a weighted combination of five air pollutants was formed. That is, in Roberts and Martin (2006) (2) were replaced by time series of various air pollutants such as PM and ozone.
To reiterate, the standard model estimates an individual coefficient (b) for the effect of PM on the adverse health outcome using a PM measure obtained by simple or trimmed averaging across available monitors, while the weighted model produces a (positive) weight for each PM monitor (w i ) and an overall estimated coefficient (y) of the effect of the monitor combination defined by the weighted combination (w 1 PM 1t þ w 2 PM 2t þ ? þ w k PM kt ) on the adverse health outcome. The output of this new model has two important components: first, the estimation of a relevant monitor combination related to the adverse health outcome; and, second, an indication of the effect of that combination on the adverse health outcome. The monitor combination found by the weighted model is readily interpretable because the weights are constrained to be non-negative and sum to one. Moreover, through interpretation of the weights, it is also possible to consider the relative importance of the individual monitors to measuring the effect of PM on an adverse health outcome. Subsequent investigations of why certain monitors are more informative than others may provide valuable insights into the relationship between PM and the adverse health outcome. For example, such a finding might suggest the existence and location of vulnerable subpopulations.
Application
In this section, the actual mortality data from Cook County described above are used to illustrate the use of the standard model compared to that of the weighted model. As the goal of this study is to introduce the use of the weighted model, this section should be viewed as an illustration of the use of the weighted model compared to the standard model, rather than an explicit reanalysis of the data from Cook County. Table 2 contains the results of applying the standard and weighted models to the actual Cook County data.
Both standard and weighted models provide similar estimates for the effect of PM on mortality in Cook County. In addition to this estimate, the weighted model returns the monitor combination 0.48PM 2t þ 0.52PM 4t , that is, roughly an average of the second and fourth monitors. This combination suggests that in Cook County, monitors 2 and 4 provide as much information about the effect of PM on mortality as all six monitors combined. This suggests that if mortality is the only issue of concern, then monitors 1, 3, 5, and 6 do not provide extra information over and above that provided by averaging information obtained from monitors 2 and 4. It should be noted that for the Cook County data, the method described by Roberts (2003) provides identical results to the method developed in this paper. However, in general, owing to the different formulations of the two models, this will not be the case.
An investigation into the reasons for the importance of monitors 2 and 4 may provide additional insight into the relationship between PM and mortality in Cook County. For example, are these monitors located in areas where vulnerable subpopulations reside or are these monitors located in areas that, owing to meteorological and/or land-use conditions, are better for assessing population exposure to PM? The fact that one of the two important monitors was located in a commercial setting and the other in an industrial setting may provide yet another explanation as to why these two monitors were found to be important. The monitors in these two locations may be providing information on the population exposure to harmful constituents of PM, possibly different in both locations, produced by the industrial and commercial activities in these two locations and not present in the PM measured at the monitor located in the residential setting. Along these lines, some studies have investigated whether the mortality effect of PM depends on its chemical composition (Smith et al., 2000b) . Additionally, the fact that both of the important monitors were located in suburban areas may be a function of the fact that a large proportion of the population spend the majority of their time in suburban locations, in and around their dwellings. It should be noted that there are many other potentially plausible reasons for the finding that monitors 2 and 4 were the important monitors.
Simulation study
The simulation study will compare the statistical properties of the standard model for estimating the mortality effects of PM to those of the weighted model. In the simulations, the actual weather and PM data from Cook County are used. Although the weather and PM time series are actual, the corresponding mortality time series are generated using models that describe PM mortality effects.
To conduct the simulations, a way of generating realistic mortality time series with known air pollution mortality effects was required. We used a method previously shown to generate realistic mortality time series (Roberts, 2005) , which proceeds by fitting the following Poisson log-linear model similar to those used in previous NMMAPS analyses (Daniels et al., 2000) , to the actual Cook County mortality and meteorological time-series data logðm t Þ ¼ confounders t
Once model (3) was fit, the estimated mean mortality counts, denotedm t ; were extracted. The effect of PM on mortality was then explicitly specified and incorporated into the generated mortality time series, by producing mortality time series of length 486 days that were Poisson distributed with mean c t on day t where
and where PM t u is the underlying PM time series that was associated with increases in mortality and a is the effect of this PM time series on mortality.
To make the simulations as realistic as possible, it was assumed that there was an underlying unobserved PM time series, taken to be the PM time series from monitor 1 or 3, that was related to daily mortality (PM t u ) in model (4). The aim of the simulations was to estimate the effect of PM on mortality using the PM time series from the remaining five monitors. For example, when monitor 1 was used as the underlying PM time series, PM t u in model (4) was set equal to the PM time series from monitor 1 and monitors 2-6 were then used in both the standard and weighted models to estimate the effect of PM t u on mortality (a). In the simulations, five a-values that span a plausible range for the effect of PM on mortality were used. Since the PM time series were standardised to have unit variance, an a-value of 0.01 corresponds to approximately a 1% increase in mortality for a 1 SD increment in the PM concentration.
For each combination of a and PM t u , model (4) was used to simulate 200 mortality time series to which both the standard and weighted models were fit. Each time the models were fit, the PM effect estimates obtained were noted and for the weighted model, the weight assigned to each monitor was also noted. Table 3 contains, for each a-value, the mean and SD of the PM effect estimates (multiplied by 100) obtained from both the standard and weighted models fit to each set of 200 mortality time series. The table also contains the median number of times that the weighted model assigned a zero weight to a monitor and the average and SD (again, scaled by 100) of the weights assigned to each monitor by the weighted model. Weights that were smaller than 0.1% were regarded as The weight assigned to each monitor by the weighted model. negligible and assessed to reflect zero weights. The mean and SD values indicate that the standard and weighted models offer similar statistical performance for estimating the overall effect of air pollution on mortality (a). The standard model offers marginally better estimates for small values of a (0 or 0.01) and the weighted model offers marginally better estimates for larger values of a (0.02, 0.04, or 0.08). The weighted model allows naturally for the assignment of essentially zero weights to individual monitors, and such weight combinations suggest that a smaller subset of monitors than originally used might adequately describe mortality. In the simulations, the median number of monitors that were assigned a weight of zero ranged from 2 to 4. Since it was noted above that the statistical performance of the weighted and standard models was similar, this indicates that the weighted model suggests that the full set of monitors may be reduced to a smaller set, for these purposes, without loss of information. Critical consideration of the average weights assigned to each monitor suggests that the weighted model is assigning appropriate weights F in each case, the largest average weight was assigned to the monitor that had the highest correlation with the underlying PM time series used to generate mortality.
In summary, the simulations have shown that the weighted model offers similar performance to the standard model for estimating the total effect of PM on mortality. However, the weighted model has the advantage of estimating a particular monitor combination that is associated with mortality. The weights in the monitor combination allow the relative importance of the individual monitors to be gauged. As mentioned above, further investigation of why certain monitors were found to be important may provide new insight into the specific nature of the relationship between PM and mortality.
Discussion
In community time-series studies on the effect of PM on an adverse health outcome, the most obvious desirable PM variable should be the average population exposure to PM, a measure that is not directly observable. Using the PM 16 (32) 18 (31) 18 (29) 9 (17) 8 (10) Monitor 4 27 (36) 17 (28) 13 (20) 11 (15) 11 (11) Monitor 5 21 (37) 16 (31) 11 (23) 12 (19) 7 (11) Monitor 6 15 (31) 21 (32) 16 (27) 15 (19) 16 (12) Monitor 3 The median number of the five monitors that received a weight of less than 0.1% across each set of 200 simulations. concentrations from the multiple monitoring stations, it is desirable to form a new PM time series that is as closely correlated as possible with the unobserved average population exposure to PM. The method discussed in this paper, which uses the time-series data to assign each PM monitor a weight, is a step in this direction, one that has the additional benefit of providing insight into the relative importance of the monitors. The simulations produce evidence of such weighted combinations having a strong relationship with the true, unobservable PM variable, as the weighted model, on average, assigned the largest weight to the monitor that was most highly correlated with the PM time series that was utilised by the simulation mechanism itself to generate the mortality data. The standard and weighted models give similar results if the effect of PM on the adverse health outcome is the only quantity of interest. However, the weights assigned to each monitor by the weighted model provide additional information that is not available from the standard model. There are two useful interpretations of the weights. First, monitors that receive a small (negligible) weight do not provide much additional information about the adverse health outcome of interest. Second, the investigation of the subpopulation who live or work in areas surrounding monitors that receive large weight, using routinely available census data, and contrasting these people with the subpopulation who live or work in areas surrounding unimportant monitors could provide important information about the socioeconomic and/or demographic characteristics of individuals in the population who are most susceptible to ambient PM exposure. Ideally, a detailed spatial correlation analysis that takes into account socioeconomic/demographic covariates as well might provide further insight into these questions. Such an investigation falls outside the scope of the current paper, but is planned for future research.
A recent paper has also investigated the issue of combining data from multiple PM monitors (Roberts, 2003) . This paper used an indirect method to assign each PM monitor a weight. The weights were obtained by including the time series obtained from each PM monitor in the standard model as separate explanatory variables and constraining the coefficients corresponding to each of the PM monitor time series to be non-negative. After fitting the model, the coefficient estimates were turned into weights by scaling them to sum to one, and the effect of the monitor combination on mortality was given by the sum of the unscaled coefficient estimates. Constraining the coefficient estimates to be non-negative ensured that the corresponding weights were non-negative. However, an undesirable side effect of constraining the coefficients to be non-negative is that a positive bias is introduced into the estimate of the effect of the resulting monitor combination on mortality. The model introduced in this paper has the advantage of directly estimating the monitor combination associated with the adverse health outcome and does not require the effect of the monitor combination on the adverse health outcome to be constrained to be non-negative, a constraint that might not be agreeable to all researchers. For these reasons, the model developed in this paper is an improvement over the model developed by Roberts (2003) .
In this paper, we only consider the effect of a single pollutant, PM, on mortality. As mentioned earlier, a previous paper used a similar method to that employed here to investigate the effect of multiple pollutants on mortality (Roberts and Martin, 2006) . An area of possible future research would be the development of models that can simultaneously allow for multiple pollutants, and the fact that these pollutants are measured at multiple monitoring stations. One naive solution would be to simply extend the weighted model to allow for each of the pollutants being considered. However, this extension substantially increases the complexity of the model, so other possible models should also be developed and their properties investigated.
